Introduction
Drinking water is one of the major sources for the intake of fluoride, which is a chemical that has been shown to cause significant health effects in people. 1 Though fluoride at a proper concentration has beneficial effects on teeth, excessive exposure to fluoride results in a number of adverse effects from mild dental fluorosis to crippling skeletal fluorosis. In order to minimize the risk for dental fluorosis, WHO recommended a guideline value of 1.5 mg L -1 for fluoride in drinking water. 1 As a result, monitoring of the concentration of fluoride in drinking water is one of the essential requirements for safety management.
Inductively coupled plasma mass spectrometry (ICP-MS) is a popular and powerful technique for the elemental analysis of drinking water, 2 partly due to its wide linearity covering up to 9 orders of magnitude, high sensitivity capable for measuring heavy metals at pg L -1 levels or even lower, and the capability of simultaneous multielemental analysis. However, there are only several reports about the measurement of fluorine by ICP-MS. [3] [4] [5] [6] There are two major reasons for the difficulty of fluorine measurement by ICP-MS. One reason is that the ionization of fluorine is very difficult, even at extremely high temperature of argon plasma (ca. 7500 K) 7 due to a higher ionization energy required for fluorine (17. 4228 eV) than that for argon (15.7596 eV 5 Okamoto has reported an electrothermal vaporization (ETV-) ICP-MS technique for fluorine analysis, 4 in which the ionization of fluorine was improved by lowering the introduction of water mist into the ICP-MS. Hayashi et al. have reported a low-pressure helium ICP-MS for a highly sensitive analysis of fluorine, 6 taking advantage of a higher ionization energy of helium (24.5874 eV) as the plasma gas and improved the ionization of fluorine. Bu et al. have reported a technique based on high-resolution (HR-) ICP-MS, 5 in which the isobaric interferences were spectrally separated at a resolution of (m/Δm = ~4000). In addition to the above-mentioned direct measurement of fluorine ion by ICP-MS, there are some studies having reported indirect measurement techniques for fluorine. 8, 9 Bayon et al. reported a technique that measures the signal of aluminium ion by ICP-MS, following the separation of aluminium monofluoride by ion chromatography. 8 Mores et al. reported a technique by measuring the signal of calcium monofluoride by molecular absorption spectromentry. 9 All of these techniques had been shown to be effective for the measurement of fluorine.
The ICP-MS instrument with a pair of tandem quadrupole mass spectrometers (ICP-QMS/QMS) and an octupole reaction cell (ORC) has become commercially available in recent years.
The analysis of fluorine was carried out by measuring BaF + ions with an inductively coupled plasma tandem quadrupole mass spectrometer (ICP-QMS/QMS). After optimization, a radio frequency power of 1300 W was found to benefit for the production of BaF + ions while suppressing the production of BaOH3 + ions. After optimization of the reaction cell gas, it was found that the best performance for measuring BaF + could be achieved at a flow rate of O2 in the range from 0.65 to 0.75 mL min -1 . The signal intensity of BaF + depended linearly on the concentration of Ba when it was not higher than 100 mg kg -1 . The co-existence of metallic cations, such as Na in the sample, might suppress the generation of BaF + ions in the plasma, while anions might not cause such a kind of interferences. The background equivalent concentration (BEC) and the lower detection limit (LDL) of fluorine were 0.4 and 0.06 mg kg -1 , respectively, by adjusting the samples to a 10 mg kg -1 Ba matrix. The concentration of fluorine in a certified reference material (ERM-CA015a) was determined with the present method, for which the observed value was (1.36 ± 0.05)mg kg -1 , which agreed with the certified value (1.3 ± 0.1)mg kg -1 , where both values were shown as (mean value ± expanded uncertainty) with a coverage factor of (k = 2) for calculating the expanded uncertainty giving a level of confidence of approximately 95%. The present method was applied to the analysis of a tap water sample collected in the laboratory, for which the results of recovery tests gave a recovery around 100% with good reproducibility. In the ICP-QMS/QMS instrument, an octupole reaction cell (ORC) is located between a pair of quadrupole mass spectrometers (QMS1 and QMS2, respectively).
Taking advantage of the QMS1 as a mass filter selecting the m/z of ions to be introduced in to the ORC, the composition of ions entering the ORC of the ICP-QMS/QMS is greatly simplified in comparison to traditional ICP-MS, which permits ions with a wide range of m/z to enter the reaction cell. As a result, the removal of spectral interferences could be greatly improved in the measurement by ICP-QMS/QMS.
Yamada had reported a preliminary work about the analysis of fluorine by using an ICP-QMS/QMS, 11 the results of which indicate that the signal intensity of BaF + could be measured for the quantitation of fluorine in standard solutions. Two applications had been reported with high-pressure liquid chromatography (HPLC) and extraction techniques. 12, 13 In the present experiment, this technique was further investigated in detail and applied to the analysis of tap-water samples, covering optimization of the radio frequency (RF) power to improve the production of BaF + species in the plasma, optimization of the reaction cell gas flow rate for effective removal of spectral interferences, dependence of the BaF + signal intensities on the concentration of the Ba concentration, matrix effect of cations and anions on the sensitivity of measurement, and so on. It is notable that the matrix effect might be a serious issue affecting the accuracy of the results, taking into consideration the fact that the measurement of fluorine was carried out by monitoring a polyatomic ion. Such a matrix effect had not been covered by previous works.
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Experimental
An Agilent 8800s Model ICP-QMS/QMS (Agilent Technologies Japan, Tokyo, Japan) with the ORC system was used in the present experiments. Typical operating conditions of the ICP-QMS/QMS instrument are summarized in A certified reference material (CRM) for the analysis of anions in hard drinking water, ERM-CA015a, was purchased from LGC standards (Twickenham, UK) and analyzed to confirm the validity of the present method. A tap-water sample was collected in the laboratory of the National Institute of Advanced Industrial Science and Technology (Tsukuba, Japan) and subjected to the analysis with the present method.
Test solutions containing Ba and F for the optimization of the experimental conditions were prepared from a Ba standard and a F standard in advance.
It is notable that the adjustment of the Ba concentration in the CRM and the laboratory tap water samples were carried out by online mixing with a 10 μg g -1 Ba standard (Sample:Ba standard = 1:10) and the obtained sample were introduced directly into the ICP-QMS/QMS instrument in order to avoid the precipitation of Ba with the SO4 2-contents in natural sample. Fig. 1(a) .
Results and Discussion
It can be seen in Fig. 1(a) 
Ba
++ decreased with the decrease of RF power, while extremely low signal intensities were obtained for both species when the RF power was under 900 W. By contrast, the signal intensity of 138 Ba 19 F + increased apparently when the RF power decreased from 1600 to 1300 W, as is shown in Fig. 1(b 
It can be seen from Fig. 1(c) that the signal intensity of Ba + was higher than that of Ba ++ by around 10-times when the RF power was 1300 W. The ratio of signal intensity of Ba + to that of Ba ++ increased gradually when the RF power decreased from 1600 to 1300 W, which indicates that the contribution of the mechanism of Eq. (1) was more dominant compared to that of Eq. (2). The present authors speculate that the mechanism given in Eq. (1) is the dominant one for the formation of 138 Ba 19 F + polyatomic ions in the plasma. It had been reported that the negative ions observed in the ICP-MS measurement did not originate directly from the plasma but rather from the plasma to mass spectrometer interface.
14 As is shown in Figs. 1(b) and 1(c), when the RF power increased from 1000 to 1300 W, the ratio of S+/S++ decreased while the signal intensity of 138 Ba 19 F + increased. These results might indicate that the contribution of the mechanism given in Eq. (2) increased to some extent.
The RF power of 1300 was selected as the optimum condition for the measurement of 138 Ba 19 On the other hand, the standard-to-blank signal intensity ratio increased when the sampling depth increased from 3.5 to 6.5 mm. In contrast, a further increase of the sampling depth over 8.0 mm resulted in a decrease of the standard-to-blank signal intensity ratio. As a result, a sampling depth of 6.5 mm was selected as the optimum condition for the following experiments, providing both a higher signal intensity of 138 Ba 19 F + in the standard solution and a higher standard-to-blank signal intensity ratio.
Dependence of 138 Ba
F + signal intensities on the make-up gas flow rate
An adjustment of the total flow rate of the carrier gas and the make-up gas results in a change of the linear velocity of the sample mist in the central pipe of the plasma torch. Such a change of the linear velocity of the sample mist results in a variation of its dwell time in the plasma, which may affect ionization of the elements. In the present experiment, a carriergas flow rate of 0.8 L min -1 was found to be the optimum condition, by giving the maximum uptake of the sample solution, for the present nebulizer. Therefore, the flow rate of make-up gas was further optimized for the present experiment.
The results for the signal intensities and the standard-to-blank ratio are plotted in Figs. 3(a) and 3(b) , respectively. It can be seen from Fig. 3(a) that the relative higher signal intensities of 138 Ba 19 F + in the standard solution could be obtained in the range of the make-up gas flow rate from 0.45 to 0.60 L min -1 . Generally, as can be seen from Figs. 3(a) and 3(b) , a make-up gas flow rate of 0.5 L min -1 provided both a higher signal intensity and a higher signal intensity ratio (Sstd/Sblk). Therefore, a flow rate of 0.5 L min -1 was selected as the optimum condition for the make-up gas in the following experiments.
Dependence of 138 Ba 19 F + signal intensities on the reaction cell gas flow rate
The dependence of 138 Ba 19 F + signal intensities on the reaction cell gas flow rate was also investigated to find the optimum condition for the measurement of 138 Ba 19 F + in a similar way to those carried out for RF power, sampling depth, and make-up gas flow rate.
It should be noted that this investigation was carried out based on three sets of different conditions, i.e. other conditions preliminarily optimized for the reaction cell gas flow rate of 0.3, 0.7, and 1.0 mL min -1 , respectively. The results obtained under the conditions preliminarily optimized for the reaction cell gas flow rate of 0.7 mL min -1 was representatively plotted in Figs. 4(a) and 4(b) , since the results of these three conditions were similar to one another.
As can be seen from Fig. 4(a) , the highest signal intensity for the standard solution was obtained at around a reaction cell gas flow rate of 0.65 to 0.75 mL min -1 , with a lower and stable signal intensity for the blank solution. At the same time, as can be seen from Fig. 4(b) , the highest value of Sstd/Sblk was obtained for a reaction cell gas flow rate of 0.65 to 0.75 mL min -1 . As a result of the optimization, a reaction gas flow rate of 0.70 mL min - In the present work, the concentration of Ba was set to 10 mg kg -1 to provide a sufficient signal intensity for the measurement, and to lower the burden of Ba introduced into the instrument. Since that the concentration of Ba in natural water is generally at the lower ng g -1 level, 15 it is negligible in comparison to the concentration of Ba added in the present experiment.
Analytical figures of merits
The sensitivity, the background equivalent concentration (BEC) and the lower detection limit (LDL) of fluorine were evaluated as the analytical figures of merits of the present method. The results are summarized in Table 2 along with those reported by other researchers with normal ICP-MS instruments operated under common conditions. 5, 11 The BEC was calculated as the concentration equivalent to the signal intensity of It is notable that the technique investigated in the present work is similar to one of the techniques mentioned by Yamada 11 in a feasibility study using test solutions. Detailed optimization of the operating conditions was carried out in the present work, as mentioned above. Matrix effect on the measurement and usefulness of the method were also investigated for an accurate analysis, as presented in the following text.
It can be seen in Table 2 that the sensitivity, the BEC, and the LDL for the present work were not as good as, but were generally comparable to, those obtained by Yamada, Jamari et al., and Guo et al. [11] [12] [13] Such difference might be partly attributed to the instrument-to-instrument variation. Nevertheless, the BEC and the LDL obtained in the present work were low enough for the analysis of drinking water regarding to the WHO recommended guideline value for fluorine, i.e. 1.5 mg L -1 . It is notable that the analytical figures of merits obtained in the present work were apparently better that those reported by Bu et al., in which the results were obtained with an HR-ICP-MS by measuring the signal of 19 F + . 5 The sensitivity obtained in the present work was apparently higher (about 77 folds) than that obtained by an HR-ICP-MS, which could be attributed to that the formation of 138 Ba 19 F + in the plasma was much easier than 19 F + .
Matrix effect of cations and anions in the sample
In the present work, the analysis of fluorine was carried out by measuring a polyatomic ion, i.e.
138 Ba 19 F + , which formation was improved at a relatively mild plasma condition as discussed above. In natural sample matrix, there are often cations such as Na + , Ca 2+ , K + , Mg 2+ , and NH4 + as well as anions such as Cl -, HCO3 -, and SO4 2- . In order to check the matrix effect of anions and cations on the measurement of 138 Ba 19 F + , the dependence of the signal intensities of 138 Ba 19 F + on the concentration NaCl and that of NH4Cl was investigated. For such a purpose, standard solutions containing 10 mg kg -1 each of F and Ba were prepared with various concentrations of NaCl and NH4Cl, respectively, covering the range of 0, 3, 10, 30, 100, 300, 1000 mg kg -1 . The results of the relative signal intensities are plotted in Fig. 6 , in which the signal intensity in each standard solution was normalized to that in the standard solution with the concentrations of both NaCl and NH4Cl being 0 mg kg -1 . It can be seen from Fig. 6 could be attributed to suppression of the ionization of Ba. As is shown in Fig. 6 , it is notable that a decrease by around 70% was + in standard solutions with NaCl ( ) and those with NH4Cl ( ), the signal intensities were normalized to that in the standard solution with the concentrations of both NaCl and NH4Cl being 0 mg kg -1 . Bar, standard deviation of 10-replicate measurements.
observed for the relative signal intensity of 138 Ba 19 F + in the standard solution with 1000 mg kg -1 of Na + . Therefore, the matrix effect should be considered for the analysis of natural samples.
Analysis of fluorine in a CRM for drinking water and that in a tap water
A CRM (ERM-CA015a) for drinking water was analyzed to confirm the validity of the present method. Gravimetric standard addition was applied for the calibration of the concentration of fluorine in the sample taking into consideration the fact of matrix effect mentioned above. The calculation for the concentration and the uncertainty in gravimetric standard addition was carried out based on the equations reported previously by the present authors. 16, 17 The observed value of fluorine in ERM-CA015a was (1.36 ± 0.05)mg kg -1 , which agreed with the certified value, i.e. (1.3 ± 0.1)mg kg -1 , indicating that the present method is valid for the analysis of fluorine in drinking water. It is noted that both the observed value and the certified value were given as (mean ± expanded uncertainty), while the expanded uncertainty was calculated with a coverage factor of 2 giving a level of confidence of approximately 95%. For standard addition analysis, the concentration of fluorine added was approximately equivalent to the initial concentration in the sample.
The present method was applied to the analysis of fluorine in a tap water sample collected in the laboratory of the National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan. The results are summarized in Table 3 . Recovery tests were also carried out by adding two concentration levels of fluorine into the tap water sample, for which the results are also summarized in Table 3 . It can be seen from Table 3 that the concentration of fluorine in the present tap water sample was 0.10 mg kg -1 , significantly under the WHO recommended guideline value. The results for both recovery tests were close to 100%, which further confirmed the usefulness of the present method for the measurement of fluorine in drinking water samples. It is notable that the present method provided a good precision (relative expanded uncertainty around 3%) for the measurement of fluorine at the concentration level around the WHO recommended guideline value.
Conclusions
A method by measuring + with ICP-QMS/QMS was investigated and optimized for the analysis of fluorine in drinking water. The radio frequency power of 1300 W benefitted for the production of BaF + ions while suppressing the production of BaOH3 + ions. The best performance for the measuring of BaF + was achieved with O2 as the reaction cell gas at the range from 0.65 to 0.75 mL min -1 . The signal intensity of BaF + depended linearly on the concentration of Ba when it was not higher than 100 mg kg -1 . A calibration strategy, such as standard addition, was required to obtain accurate results for natural samples since that the co-existence of metallic cations such as Na in the sample might suppress the generation of BaF + ions in the plasma. The BEC and the LDL obtained in the present work were low enough for the analysis of drinking water regarding the WHO recommended guideline value for fluorine, i.e. 1.5 mg L -1 . The usefulness of the present method was confirmed by the analytical results for fluorine ERM-CA015a. The results of recovery tests using a tap-water sample gave a recovery of around 100% with good reproducibility.
From the viewpoint that the concentration of Gd was extremely low (under the LDL of commercial ICP-MS instrument) in natural drinking water samples, [18] [19] [20] the overlap of 157 Gd + with 138 Ba 19 F + was negligible, and is not discussed in the present work. Further optimization of the operating conditions might be required for the application to samples containing a high concentration of Gd. a. Mean ± expanded uncertainty. k = 2.
